Nuclear recoil measurements with high-purity Germanium detectors are very promising to directly detect dark matter candidates. The main background sources in such experiments are natural radioactivity and microphonic noise. Digital pulse shape analysis is an encouraging approach to reduce the background originating from the latter. To study the pulse shapes of nuclear recoil events we performed a neutron scattering experiment, which covered the ionization energy range from 20 to 80 keV. We have measured ionization efficiencies as well and found an excellent agreement with the theory of Lindhard. In a further experiment we measured pulse shapes of a radioactive γ-source and found no difference to nuclear recoil pulse shapes. Pulse shapes originating from microphonics of a HPGe-detector are presented for the first time. A microphonic noise suppression method, crucial for dark matter direct detection experiments, can therefore be calibrated with pulse shapes from γ-sources.
Introduction
The dark matter in the Galactic halo is assumed to be dominantly composed of WIMPs [1] . A direct detection method is through WIMP interaction with ordinary matter by elastic scattering off nuclei [2] . Direct detection experiments search for the energy deposition produced in a low background detector by a WIMP elastically scattered off a nucleus therein (typical below 100 keV). Most promising future approaches include experiments with scintillation- [3] , cryogenic- [4] and semiconductor detectors [6] . The best results at present are obtained using NaI-crystals [3, 7] and HPGe-detectors [6] . The background of HPGe-detectors in the energy region below 100 keV originates from natural radioactivity and microphonic noise. Therefore a further step in reduction of the background from natural radioactivity by one order of magnitude or more [25] needs a reliable method to identify microphonic noise. The success of digital pulse shape analysis [9] in discriminating single and multiple scattered events is encouraging to think of a similar method in order to identify microphonics in the low energy region of HPGe-detectors. Another way to identify microphonics is the simultaneous use of two different shaping times in the processing of the signal (see [5] and references therein) which is however not the topic of this paper. Also are there other applications which use the information from the pulse shapes of the charge current of Ge-detectors [10] [11] [12] . All of the cited papers measure pulse shapes at higher energies (beyond 200keV).
A first step in developing a pulse shape analysis method is to study pulses of well defined origin. Nuclear recoil events comparable to those of not yet known particles, WIMPs, can be generated by elastically scattering of neutrons off nuclei in the germanium detector. Gamma interaction events in the energy region below 100keV can be generated for example by radiation of the detector with a 133 Ba source.
We measured the pulse shape of neutron interactions, of γ-interactions and of microphonic noise. Simultaneously we measured the ionization efficiency of germanium recoil nuclei inside germanium. Nuclear recoil events were studied until now by a cryogenic experiment [4] , which could demonstrate the difference in ionization and phonon signals produced by nuclear recoil and photon interactions. The ionization efficiency was measured already in the 60s. With exception of one early experiment, which measured the endpoint of the energy spectrum from elastically scattered neutrons [13] , the shapes of a peak from inelastically scattered neutrons [14] [15] [16] 20, 19] were studied.
From the good agreement of our measured ionization efficiency with the theory of Lindhard [23] and the previous measurements we conclude to measure indeed pulse shapes of Ge recoil events in germanium. To sample the pulse shape of each recoil event we had to perform an event-by-event measurement. For this purpose we built up a coincidence experiment as described in section 2. In section 3 we discuss the measurement of γ-ray pulse shapes and in section 4 the measurement of microphonic pulses. We give a conclusion and an outlook in section 5.
Neutron Scattering Experiment
The experimental setup can be seen in Fig. 1 To select events from elastic scattering of neutrons inside the germanium we placed NE 213 scintillators under 87 and 132 degrees (compare Fig. 1 ). The scintillators were equipped with n,γ-discrimination using the differences in pulse rise times of neutron and γ-interactions in the liquid scintillator [17] . Coincidence between the timing signal of the Ge-detector, one of the scintillators and of the proton beam signal was used as start signal for the time measurements. A coincidence of the delayed start signal and the n,γ-discrimination reduced the trigger rate down to 1 Hz due to rejection of random coincidences of γ-interactions in the scintillators and the Ge-detector.
For each event we recorded energy-deposits inside the HPGe and the neutron detectors, n,γ-signal of the neutron detectors, time differences between beam pulse and each of the three detectors and the pulse shape of the differentiated HPGe preamplifier output.
Our Ge-detector was a n-type coaxial, closed ended HPGe detector with a mass of 1.05 kg and a diameter of 5cm. N-type detectors are more resistant to fast neutron damage than p-types [22, 21] .
The Germanium detector was calibrated with a 228 Th source, the TOF measurements with several delays from 2 ns up to 150 ns. The energy resolution of the Germanium detector was 1.55 keV at 80 keV. The time resolution of the scintillators was ≤ 1.5 ns. In Fig. 2 the energy deposited inside the germanium detector is plotted as function of the TOF of neutrons detected in one neutron detector. The events from elastically scattered neutrons form a continuous band towards the lower right.
From this measurement the ionization efficiency of germanium atoms in germanium can be calculated [8] :
Here E R is the energy of the recoil nucleus, E n is the incident neutron energy, m n and m Ge are masses of neutron and germanium nuclei, φ is the laboratory scattering angle of the neutron. The neutron energy E n as function of the flight time and energy loss of the neutron which is equal to the recoil energy of the germanium nucleus can be calculated from:
where d 1 is the distance from the copper target to the germanium detector; d 2 from germanium detector to the neutron detector. Taking both formulae the recoil energy can be calculated and compared to the ionization energy measured by the germanium detector. The ionization efficiency is given by the ratio of ionization energy to recoil energy. The results are plotted in figure 3 .
The experimental values are in good agreement with the theory of Lindhard which is also verified by other experiments [13] [14] [15] [16] 20, 19] down to 0.3 keV. Therefore we conclude that we have measured recoil events from elastically scattered neutrons inside the germanium detector.
The pulse shapes of recoil events were obtained by differentiation of the customary integrating preamplifier output with 20 ns time constant. The signal was also integrated with 20 ns. To reduce the noise level we selected the pulse shapes according to their rise times and calculated mean pulse shapes. The mean pulse shapes were calculated by adding the individual pulses of certain rise times (ca. 100 pulses per rise time) and dividing by the number of pulses.
In Fig. 4 we show as an example mean pulse shapes for 80keV Ge recoil nuclei from neutron scattering (left picture) with rise times of 88ns, 112ns and 136ns.
3 γ-Pulse shapes compared to nuclear recoils Production of nuclear recoil pulses in a low-level experiment for a calibration measurement is not only a great effort but also polluting the experiment, since the neutrons would activate the detector and its shielding. Thus one has to think of a different source for generating pulse shapes to calibrate any pulse shape discrimination method. The usefulness of γ-sources is obvious. We have sampled pulse shapes from a 133 Ba source by using the low energy Ba lines at 53keV and 80keV and the 133 Cs X-ray lines at 30keV and 35keV.
The pulse shapes in a coaxial detector depend on the interaction radius. Therefore we have radiated the detector using a lead collimator at different radial positions. The resulting rise times as a function of the collimator position can be seen in Tab. 2. The shape of the pulses depends on the motion of the charge carriers in the electric field inside the Ge detector [24] . Shown in the table are also the rise times corrected for the differentiation of the pulses with 50ns shaping time and the rise times calculated under the assumption of a true coaxial Ge-detector and a constant electron drift velocity of 10 7 cm/s [24] . For the n-type coaxial Ge detector the collection time of the electrons (which are the majority charge carriers and move towards the inner contact) dominates the time response of the detector [24] . Thus interactions at smaller detector radii should show a smaller risetime than interactions which take place in the outer part of the detector. This dependence has been in principle confirmed in the behaviour of the pulses at low energies. The difference between calculated and measured rise times is due to the irradiation of the detector from the top, where the effect of the closed ended geometry is most visible. Since our aim was to measure pulse shapes of different rise times and not to determine the interaction radius from the measured rise time, this effect is of no importance for this work.
In order to reduce the noise background the pulse shapes from γ-ray events were selected and summed in the same way as the nuclear recoil pulses described in Section 2. As example we show in Fig. 4 (right picture) 80keV pulse shapes from γ-ray events. The three risetime classes are the same for nuclear recoil and γ-ray events. The number of summed pulses was ca. one thousand per risetime.
There is obviously no difference between nuclear recoil and γ-ray pulses within the timing resolution of Ge-detectors. The mean γ-pulses are smoother because of the higher statistics of the accumulated data with the γ-ray source. We conclude that it is not possible to differentiate between γ-ray-and Gerecoil-events by means of the pulse shape.
Thus a relative background suppression method based on pulse shape analysis like for NaI scintillators [3, 7] will not be applicable for Ge-detectors. Consequently, one can calibrate the pulse shape analysis for nuclear recoils by γ-ray sources. This is an easy to handle method which needs no sophisticated experiments and without the risk of activating the detector and radiation damage.
Comparison of pulse shapes from microphonic events with γ-interaction pulses
When placed in a low level environment Germanium detectors are very sensitive to microphonic noise. Microphonism constitutes one of the main limitations of Germanium detectors in the low energy region and rends the evaluation of low energy spectra ambiguous. The usual way of discriminating against microphonism is to to use the timing information of each event [6] . The time distribution of all events in the spectrum is computed and cuts are set on the number of events per a certain time interval. This method makes the assumption that microphonic events occur in bursts and leads to run time losses up to 40%. A method of analysing the pulse shape of each individual event would be much more efficient.
To record a library of typical microphonic pulses we used the small p-type natural Ge-detector of the HDMS-Experiment [25] situated in the Gran Sasso Underground Laboratory. The detector has an active mass of 202 g and is situated in a low level cryostat with 60cm distance between FET and preamplifier. To reach a low energy threshold and record the pulse shape of each event we built up a special electronic and trigger system. The preamplifier energy signal is divided, amplified with 2µs and 4µs shaping time and measured by 13bit ADCs. The ADCs deliver fast, so called peak-detect signals, which are subsequently used for trigger purposes. The faster 2µs shaped signal serves as a stop signal for the 250MHz flash ADC which records the pulse shapes. However, the 2µs shaped signal yields a worse energy resolution and thus a higher energy threshold because of the remaining higher noise level of the baseline. The best energy resolution (1.87 keV at 1332keV) and threshold (2.5keV) are obtained using the 4µs shaping. The preamplifier's timing output is divided into four branches then differentiated, integrated and amplified in timing filter amplifiers with different time constants. The differentiation and integration time constants are (50ns, 50ns), (100ns, 100ns), and (200ns, 200ns). The signals are amplified in two different ways to record both low and high energetic pulses. For the purposes of this paper the (50ns, 50ns) shaped pulses are most suitable. The obtained pulse shapes are recorded with flash ADCs.
We recorded microphonic pulse shapes with energies up to 60keV. γ-ray pulses with comparable energies were measured with an EuTh source. Fig. 5 shows examples of both types of pulse shapes with the same energies. On the left side are microphonic pulses, γ-ray pulses are on the right side. The patterns of the two kind of pulses are clearly different and it is obvious that microphonic pulses are not like the baseline noise which is present in the microphonic free γ-ray pulses. For a more quantitative comparison between microphonic-and γ-ray pulses we suggest several discrimination methods. One might analyse the power spectra of the pulses, compute the second derivative and count the number of extrema or compute the integrated signal. Which, or which combination of the above mentioned methods will deliver the highest rejection efficiency and will be applied has yet to be seen. Moreover the characteristics of microphonic pulses will depend on the single detector and its operational environment. Thus it is not reasonable to further investigate the different methods in this paper.
Conclusion and Outlook
Pulse shapes of recoil events from neutron scattering inside a germanium detector were collected for the first time. The measured ionization efficiencies of recoiling germanium atoms in germanium are in good agreement with the theory of Lindhard and earlier measurements. We use this confirmation as cross check for our sample of nuclear recoil pulse shapes. A difference to the pulse shapes from γ-ray interaction has not been found. For a calibration of the nuclear recoil pulse shape we confirm the reasonable practice to use γ-ray sources instead of neutrons as a calibration standard. We found instead a relevant difference between nuclear recoil pulse shapes ( γ-pulse shapes) and microphonic pulses. Thus further development of an electronic noise reduction method for dark matter experiments like [25] is possible by measuring the pulse shape of each recorded event. This microphonic noise mainly obscures energy spectra for WIMP detection in the most interesting near-threshold energy region. A discrimination method against microphonics would eliminate one of the last systematic uncertainties for Ge-detectors. We are confident to apply such a method in our new dark matter experiment, starting it's operation during this year, the Heidelberg Dark Matter Search (HDMS) Experiment [25] . Table 2 Tabulation of the γ-pulse shape rise times (t r ) as function of the Ge-detector radius. Shown are the measured (10-90%) rise times, the (0-100%) rise times calculated from the measured (10-90%) rise times, the rise times corrected for the differentiation with τ =50ns and the rise times calculated under the assumption of a true coaxial geometry and a constant electron drift velocity of 10 7 cm/s [24] . [14, 15] , solid triangles [13] and open triangles [16] . For comparison the calculation from Lindhard [23] is shown. Not shown are the results from [19, 20] for recoil energies between 0.26keV and 1.75keV. 
